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ABSTRACT 


This study presents a literature review, especially in recent years, on the absorption refrigeration 
systems (ARSs), the currently used refrigerant—absorbent pairs and their alternatives. Additionally, in 
this study, the thermodynamic analysis of ARS using commonly encountered solution pairs in the 
literature was carried out, and a user-friendly software package including visual components was 
developed. The effects of operating temperatures, the effectivenesses of solution, refrigerant and 
solution-refrigerant heat exchangers (SHE, RHE, SRHE), and selection of working fluid pair on the system 
performance were examined by using the developed package. It was concluded that performances of the 
cycles improve with increasing generator and evaporator temperatures, but reduce with increasing 
condenser and absorber temperatures. The performance of system was affected from the SHE more than 
the RHE and SRHE. While the use of SHE improves the system COP up to 66%, RHE and SRHE have an effect 
of only 14% and 6%, respectively. For that reason, the SRHE may not be considered practically significant. 
Suitable solutions depending on operating conditions showed variations with respect to generator and 
evaporator temperatures. 

© 2010 Elsevier Ltd. All rights reserved. 
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1. Introduction 


refrigeration systems (ARSs) are attractive because they can employ 
natural refrigerants (water, ammonia, methanol, etc.), and can be 


Vapor compression systems have been used in many refrigera- 
tion and air-conditioning applications. However, increased global 
warming and environmental effect of chlorofluorocarbon has 
stimulated interest in the development of absorption systems. As 
the millennium approaches, research on efficient and ‘environmen- 
tally friendly’ technologies is becoming a high priority. Absorption 
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driven by waste heat, solar or geothermal energy, and hence support 
to reduce the fossil fuel consumption. For this reason, the absorption 
systems are seen as one of the convenient ways of reducing the 
emissions of greenhouse gasses such as CO; [1-3]. 

Absorption refrigeration system uses various refrigerant-absor- 
bent combinations known as the solution pairs. The absorbent acts 
as a secondary fluid to absorb the primary fluid which is the 
refrigerant in its vapor phase. The most widely used working fluid 
pairs in ARSs have been ammonia-water (NH3-H20) and water- 
lithium bromide (H20-LiBr) solutions. The NH3-H20 ARS is 
generally used in large capacity industrial applications requiring 
low temperatures for process cooling. However, H20-LiBr 
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Nomenclature 

COP coefficient of performance 

FR flow ratio 

h enthalpy (kJ/kg) 

m mass flow rate (kg/s) 

p pressure (kPa) 

q heat capacity (kJ/kg) 

RHE refrigerant heat exchanger 

SHE solution heat exchanger 

SRHE solution-refrigerant heat exchanger 
T temperature (°C) 

ARS absorption refrigeration system 
v specific volume (m?/kg) 

w pump work (kJ/kg) 

X solution concentration 

E effectiveness of heat exchanger 
n isentropic efficiency of pump 
Subscripts 

a actual process 

A absorber 

c Carnot 

C condenser 

E evaporator 

G generator 

P pump 

S isentropic process 

SS strong solution 

WS weak solution 

1-14 state points 


systems are used where moderate temperatures are required (e.g. 
air-conditioning and chilling applications) and the system is 
more efficient than the former one. Efforts are being made to search 
for better refrigerant-absorbent pairs to improve the system 
performance. 

In the absorption refrigeration cycles, it is very important to 
select the appropriate working substance, the properties of which 
have a great effect on the performance of the cycles. In recent years, 
a great many studies have focused on this problem. Ajib and Karno 
[4] presented the thermal physical properties of acetone-zinc 
bromide (acetone-ZnBrz) solution for absorption refrigeration 
systems at low-drive temperatures (about 55°C). In this pair, 
acetone is used as coolant and advantages of the solution are based 
on the needed low temperature heat sources. Theoretical and 
experimental investigation of absorption refrigeration system 
using the acetone-ZnBr2 solution was carried out by Karno and 
Ajib [5]. As a result, they informed that the system can be operated 
at 50 °C generator temperature without problems and thus, it can 
be considered as a suitable solution for solar applications. They 
found that the COP was achieved as 0.4 (by measuring) and 0.6 (by 
simulation). Pilatowsky et al. [6] suggested the new solution 
monomethylamine-water (CH3NH2-H20) at low temperatures of 
60-80 °C. The performance characteristic of the absorption 
refrigeration system with this new working solution were 
analyzed theoretically, the COP varied from 0.05 to 0.55 at 
generator temperature of 60 °C and evaporator temperatures from 
—5 to 10°C. According to the study, however, the disadvantage of 
the solution is that the COP was low and a rectification for the vapor 
produced in the generator was required. Then Pilatowsky et al. [7] 
investigated the solar absorption refrigeration system working this 


solution, and suggested that CH3NH2-H20 is a good candidate for 
the systems operating at evaporator temperatures of —5 to 10 °C. 
Also Romero et al. [8] studied on the CH3NH2-H20 working pair. In 
that study, the equations for thermodynamic properties (pressure, 
concentration, temperature and enthalpy) were expressed in 
polynomial form. Also it was found that since the CH3NH2-H20 
solution have high values of COP for the generator temperatures 
between 60 and 83 °C, it can be used in low enthalpy sources such 
as solar energy and industrial waste heat. Mittal et al. [9] presented 
a modeling of solar absorption refrigeration system using H20- 
LiBr. In that study, the certain data (geographical, weather) of 
Bahal, India was used for falling solar radiation. De Lucas et al. [10] 
suggested the absorbent (lithium bromide + potassium formate 
[LiBr + CHO2K]) instead of the pure LiBr for the refrigerant (H20) to 
lower the required drive temperature. The authors’ more recent 
study, De Lucas et al. [11] stated on the effect of the addition of a 
surfactant (n-octanol) on the solutions to improve the absorption 
capacity. Riffat et al. [2] experimentally studied on the absorption 
and desorption characteristics of a water-potassium formate 
(H20-CHO2K) and water-lithium bromide (H20-LiBr) binary 
mixtures. As a result, the desorption rates of HyO-CHO2K was 
found to be higher than that of H20-LiBr. They emphasized that the 
increase in desorption rate would decrease the energy required in 
the generator and so improve the efficiency of absorption cycle. 
Moreover, in that study, it was indicated that the physical 
properties of H,O-CHO2K are more attractive than those of 
H20-LiBr since it is less in cost of production, less corrosive, and 
more ecologically acceptable. Thermodynamic and physical 
properties for the ammonia-lithium nitrate (NH3-LiNO3) and 
ammonia-sodium thiocyanate (NH3-NaSCN) solutions were pre- 
sented by Ferreira [12], and interesting comparisons between 
NH3-H20, NH3-LiNO3 and NH3-NaSCN absorption systems may be 
found in Sun [13] and Abdulateef et al. [14]. Among ammonia- 
based mixtures, although the NH3—NaSCN can be considered as an 
alternative solution to H20-NH3, Sun [13] emphasized that this 
solution cannot be operated at evaporator temperatures below 
—10 °C for the possibility of crystallization. One of the more recent 
studies, Zhu and Gu [15] performed a theoretical analysis of the 
absorption refrigeration cycle using NH3-NaSCN solution, where 
the NaSCN is used as the absorbent and the NH3 is used as the 
refrigerant. They found that the solution is advantageous for lower 
generator temperatures compare to NH3-H20 solution, because of 
the fact that the COP is about 10% higher than the ones for NH3- 
H20 system at the same working conditions. Safarov [16] 
presented the properties of methanol-lithium bromide (CH30H- 
LiBr) solution, the viscosity of which is lower than H2O-LiBr 
solution, and the use of the solution provides an opportunity for 
the temperatures below the freezing point of water. And then 
Safarov [17] presented the experimental vapor pressures of 
CH30H-LiBr and methanol-lithium chloride (CH30H-LiCl) solu- 
tions at 298.15-323.15 K. Sencan [18] used a number of methods, 
which are linear regression, pace regression, sequential minimal 
optimization, M5 model tree, M5’Rules and back propagation 
neural network (BPNN), in order to determine the specific volume 
of CH30H-LiBr and CH30H-LiCI fluid couples. In that study, among 
these methods BPNN method was recommended to be most 
accurate and quick (R? value is 0.9840 for CH3OH-LiBr, 0.996 for 
CH30H-LiC1). 

Muthu et al. [19] emphasized the limitations of H20-LiBr 
solution, which are as follows: the evaporator temperature is 
limited to about 5 °C as water is used as a refrigerant, the system is 
operated under very low (high vacuum) pressures, and there is also 
possibility of crystallization (solidification) of the lithium bromide 
solution; and the limitations of NH3-H20 solution, which are as 
follows: this system is toxic, rectification is necessary, copper 
cannot be used due to corrosion problem, and ammonia with air is 
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flammable when its concentration is about 25% by volume. 
Because of these reasons, they experimentally analyzed the R134a- 
dimethyl acetamide (DMAC) absorption refrigeration system. At 
the evaporating temperature of 7 °C, the theoretical and actual 
COPs were obtained as 0.50 and 0.45, respectively, for the sink and 
heat source temperatures of 20 and 65 °C. They found that the 
R134a-DMAC can be used as a working fluid in absorption 
refrigerators using low potential heat sources. Kaita [20] developed 
the equations giving the thermodynamic properties of H2O-LiBr 
solution for high temperatures from 40 to 210°C, and also for 
concentrations of 40-65%. These equations could be used in triple- 
effect H,O-LiBr chillers. In Chua et al. [21], a thermodynamically 
consistent set of specific enthalpy, entropy, and heat capacity fields 
for the LiBr—H20 solution was derived for the temperature range 
from 0 to 190 °C, and the concentration range from 0 to 75%. Wu 
and Eames [22] reviewed some innovations in vapor absorption 
technology, and stated on the cycle designs and working fluid 
selection. As a consequence, they emphasized that although much 
of effort has been made to find and improve the working fluids for 
absorption systems, H20-LiBr and NH3-H20 pairs are still the best 
in general use. 

The variations of various performance parameters of ARS were 
compared for water-based 16 different mixtures in Saravanan and 
Maiya [23]. They concluded that the H ,O-LiBr + LiCl + ZnCl 
combination showed the better COP. Mostafavi and Agnew 
[24,25] investigated the effect of ambient temperature on the 
component geometry and the performance of the ARS using H20- 
LiBr. Horuz [26] carried out an investigation to analyze the ARSs 
using NH3-H20 and H,O-LiBr solutions and compared them in 
respect of the performances, cooling capacity and the maximum 
and minimum system pressures. Bulgan [27] investigated the use 
of low temperature energy sources, especially in the range of 85- 
110 °C, in the ARS using ammonia-—water. The effects of important 
design and working parameters on performance of the system 
were obtained. In that study, the variation of system COP and 
circulation ratio values were examined for different source 
temperatures. The thermodynamic properties of CH3OH-LiBr 
and CH3O0H-LiCl solutions in the ranges of 0.1-40 MPa, 298- 
498 K, 2-12% were experimentally investigated and presented in 
the study of Bulgan et al. [28]. Joudi and Lafta [29] carried out a 
steady-state simulation model based on heat and mass balance 
equations as well as fluid flow, heat, and mass transfer correlations. 
Simultaneous heat and mass transfer were considered in the 
absorber instead of heat transfer alone. Aphornratana and 
Sriveerakul [30] experimentally investigated the system perfor- 
mance of single-effect absorption refrigerator using H2O-LiBr. The 
actual (experimental) COP was found to be approximately 80% of 
the theoretical COP. They emphasized that the difference was due 
to low mass transfer performance of the absorber, and if a more 
effective absorber was used, the actual COP as high as the 
theoretical one should be achieved. Moreover, they found that the 
generator energy input could be reduced by up to 60% by using a 
solution heat exchanger resulting in a greater COP, and the H20- 
LiBr system could be operated at low generator temperatures 
(about 65 °C) and it still maintains the performance. Mehrabian 
and Shahbeik [31] developed a computer program for thermody- 
namic analysis of single-effect ARS using H2O-LiBr solution. In that 
study, the thermodynamic properties of all state points were given 
and the effect of solution heat exchanger effectiveness on the COP 
was investigated by using the developed computer program. 
However, the program does not include other currently used 
solutions such as ammonia-based mixtures, and other heat 
exchangers such as RHE and SRHE. 

One of the good literature reviews about absorption refrigera- 
tion technologies is the study of Srikhirin et al. [32] where a 
number of research options such as possible operating configura- 


tions of absorption refrigeration cycles, research on working fluids, 
and improvement of absorption processes were discussed. A more 
recent review study was presented by Zhai and Wang [33] for solar 
sorption (absorption and adsorption) refrigeration systems in 
China. Also a similar review for sorption refrigeration systems was 
carried out, and application areas of these technologies were 
categorized by Fan et al. [34]. They emphasized that these systems 
are attractive technologies that not only can serve the needs for 
refrigeration, air-conditioning and ice making applications, but 
also can meet demand for energy conservation and environment 
protection. Furthermore, comparatively, absorption systems are 
more suitable for air-conditioning while adsorption systems are 
more employed for low temperature purpose. 

Relatively few studies have, on the other hand, been focused on 
the only absorbent instead of solution pairs used in ARSs such as De 
Lucas et al. [10] and Donate et al. [35]. Mixtures of lithium bromide 
and the four organic salts (potassium formate, sodium formate, 
potassium acetate and sodium lactate) were evaluated as 
alternative absorbents for absorption refrigeration systems in 
Donate et al. [35]. 

Many studies dealt with the thermodynamic analysis and 
performance evaluation of absorption refrigeration systems. Among 
these studies, Sozen and Ozalp [36] studied on absorption 
refrigeration system working with NH3-H20 in order to achieve 
better performance. For this purpose, the ejector was located at the 
absorber inlet. As a result, they found that the COP was improved by 
49% and the circulation ratio was reduced by 57%. Abu-Ein et al. [37] 
presented the theoretical analysis of solar powered absorption 
refrigeration system using NH3-H20 solution. The minimum and 
maximum COP values were obtained at generator temperatures of 
110 and 200°C for all evaporator temperatures. A detailed 
thermodynamic analysis of H2O-LiBr absorption refrigeration cycle 
was performed in the study of Kaynakli and Kilic [38]. The influences 
of operating temperature and effectivenesses of heat exchangers 
(SHE and RHE) on the thermal loads of components, coefficients of 
performance (COP,, COP) and efficiency ratio were investigated. 
Sencan [39] applied the artificial neural network model to determine 
the COP of single-stage absorption refrigeration system using NH3- 
H20 solution. This study emphasized that the new methodology 
provides faster and simpler solutions instead of complex functions 
based on analytic equations used for calculating the properties of 
fluids or refrigerant-absorbent pairs. Similarly Sozen et al. [40] used 
the artificial neural network approach for the formulation of 
thermodynamic properties of the refrigerant-absorbent pairs, 
which are methanol-LiBr and methanol-LiCl. Misra et al. [41] used 
the average cost approach to optimize H,O-LiBr absorption 
refrigeration system. This method consists of exergy analysis 
followed by the determination of the average cost per unit exergy 
of all internal flows and products appearing in the thermoeconomic 
representation of the system. Experimental analysis of the perfor- 
mance of an absorption refrigerator using H2O-LiBr binary mixture 
under different service conditions were carried out by Asdrubali and 
Grignaffini [42]. They found that the absorption machine shows the 
highest values of COP at temperatures around 70 °C, thus making it 
possible to work this machine with solar collectors. A commercial 
absorption refrigeration water-ammonia chiller made by Robur was 
experimentally tested by Horuz and Callander [43]. Then, Robur 
absorption refrigeration chiller was analyzed using Aspen Plus 
flowsheet simulator, which has databases for the physical-chemical 
properties of chemical substances, in the study of Darwish et al. [44]. 
The predicted results of various performance parameters were 
compared with the experimental and some manufacturer data 
reported in the literature on the same unit. They concluded that 
overall, the agreement is very good and the validity of the use of 
Aspen Plus simulator in performance analyses of thermodynamic 
cycles is evident. Venegas et al. [45] simulated the use of low 
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temperature heat (between 50 and 90 °C) in double- and triple-stage 
absorption refrigeration and heat pump systems using NH3-H20, 
NH3-LiNO3 and NH3-NaSCN solutions. In general, the refrigeration 
and heat pump cycles reached higher COP values using an NH3- 
LiNO3 solution. Wang et al. [46] dealt with an improved absorption 
refrigeration cycle using NH3-LiNO3 with staged absorption. The 
improved cycle used a series of absorbers among which one was 
cooled by the external medium and the others were cooled by 
refrigerant at staged pressures between the evaporation and 
condensation pressures. The simulation results in that study 
demonstrated that the improved cycle was able to steadily run 
when driven by low-grade thermal sources as low as 65 °C, and to 
produce deep refrigeration temperature as low as —40 °C. On the 
other hand, diffusion absorption refrigeration systems were 
examined by Zohar et al. [47-49] and Koyfman et al. [50]. 

To improve the performance, some researchers studied the 
cascade refrigeration systems [51-54]. Fernandez-Seara et al. [51] 
investigated a refrigeration system in cascade with a compression 
system using CO, at the low temperature stage and an absorption 
system using NH3-H20 solution at the higher temperature stage to 
generate cooling at low temperatures and in addition to this, to 
reduce the energy consumption. He and Chen [53] and He et al. 
[54] used the mixtures of R32 and R134a as refrigerant, the 
dimethylformamide (DMF) as absorbent in a cascade absorption 
refrigeration system to obtain low refrigerating temperatures as 
low as —50 °C. This refrigeration temperature is much lower than 
that obtained by traditional absorption refrigeration cycle. 
According to these studies, the new cycle, theoretically, could 
achieve —62 °C refrigeration temperature when the generation 
temperature was 160 °C, on the other hand, —47.3 °C refrigeration 
temperature was achieved by experiment at the generation 
temperature of 157 °C. 

Heat is wasted to the environment in most applications, such as 
exhaust gas from vehicles. Manzela et al. [55] and Koehler et al. 
[56] researched the feasibility and potential of using the internal 
combustion engine exhaust gas as an energy source for absorption 
refrigeration systems. Manzela et al. [55] also investigated its 
influence on the engine performance. Hilali and Soylemez [57] 
optimized the size of generator in which waste heat recovery 
occurs. P;—P; method was used and concluded that the optimum 
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effectiveness was found as 0.751 and the optimum heat transfer 
area was found as 1.07 m°. Sun and Guo [58] tested a prototype of 
combined compression-absorption refrigeration system, waste 
heat from gas engine (the temperature of the exhaust gas was 
120 °C) was used to operate single-effect absorption refrigeration 
cycle. Exhaust gas was recovered by a shell-tube heat exchanger. 
The experimental results showed that the combined refrigeration 
system was feasible because of the fact that the prototype system 
saved about 25% of primary energy compared to a conventional 
electrically driven vapor compression refrigeration unit. 

In this study, firstly we present a literature review on the 
absorption refrigeration systems using different refrigerant- 
absorbent pairs, and the system performances. The review 
concentrates on literature produced especially over the last 
decade. And then, a visual software package for simulating the 
performances of absorption refrigeration systems working on 
different solution pairs is developed by Delphi programming 
language. It is hoped that the developed user-friendly software 
package would serve the selection of appropriate working solution 
pair in the absorption refrigeration system, the accurate and fast 
calculation of performance parameters, the determination of 
suitable operating conditions. 


2. Mathematical model 
2.1. Thermodynamic analysis of ARS 


The schematic illustration of the single-stage ARS is presented 
in Fig. 1. As this figure illustrates, the ARS contains a generator, an 
absorber, a condenser, an evaporator, a pump, an expansion valve, 
a solution heat exchanger (SHE), a refrigerant heat exchanger (RHE, 
precooler) and a solution-refrigerant heat exchanger (SRHE). 
When the refrigerant leaves the evaporator, it is not mechanically 
compressed, but it is absorbed by a second working fluid. The 
liquid mixture of absorbent and refrigerant is pumped to a higher 
pressure and into the generator. The pumping process is driven by 
a work input, but the amount of work that is required is an order of 
magnitude less than it is a vapor compression cycle. Direct thermal 
energy from a high-temperature source is transferred to the 
refrigerant-absorbent mixture in the generator. This heating 
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Fig. 1. The schematic illustration of the single-stage ARS. 
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process generates refrigerant vapor, which flows into the 
condenser. The remaining liquid absorbent is then throttled back 
to the lower system pressure as it falls from the generator into the 
absorber. 

Mass balance at the generator can be written as follows: 


e For H20-LiBr: 


Mws = Tss + 1y,9 (total mass balance) 1) 


MwysXws = MssXss (LiBr balance) 2) 
e For ammonia-based mixtures: 


Mss = Mws + tinn, (total mass balance) 3) 


MsgXss = MwsXws + Minn, (ammonia balance) 4) 


From Eqs. (1)-(4), the strong and weak solution mass flow rates can 
be determined as follows: 


e For H20-LiBr: 
. _ WS m 
Mss = Kec Xuk = Xyk My, 0 

A SS á 
= 6 
Mws Xec oes mMp,0 (6) 


e For ammonia-based mixtures: 


. _ 1—Xws 

Mss = Xss —Xws NH3 (7) 
: _ — Xss .. 

Mws =e Xy h (8) 


The flow ratio (FR) can be defined as the ratio of the mass flow 
rate of the solution through the pump to the mass flow rate of the 
working fluid. One of the importances of the FR should be noted as 
it represents the required pumping energy. On the other hand, if it 
is higher than that expected, the performance of absorber can be 
adversely affected [30]. 


e For H20-LiBr: 


tws Xss 
timo Xss — Xws 


e For ammonia-based mixtures: 


Mss 1 — Xws 
FR = — = 
tinn, Xss — Xws 


(10) 


The heat capacities of the main components of the ARS can be 
calculated as follows: 


qe = he — hs (11) 
dc = h2 — hs (12) 
qo = hı + (FR — 1)h;; — FR hız (13) 
qa = FRhg — (FR — 1)hy4 — h7 (14) 


The energy balance and heat capacity equations of the solution 
heat exchanger are given by: 


T13 = EsneTi0 + (1 — Espe) T12 (15) 
FR- 1 

hıı = hio + (h12 — h13) FR (16) 

sue = (M12 — hı3)(FR — 1) = (h11 — Io) FR (17) 


The saturated liquid from the condenser and the saturated vapor 
from the evaporator enter the refrigerant heat exchanger, oriented 
at the refrigeration side. The saturated vapor receives heat and 
leaves the RHE as superheated vapor while saturated liquid gives 
heat and leaves as sub-cooled liquid. Then the energy balance for 
the RHE is written as: 


h7 = he + erne(h7r3) — he) (18) 


hg = h3 — erne(hy(r3) — he) (19) 


where hyrs) is the enthalpy of superheated vapor at the condenser 
temperature. The heat capacity of the RHE per unit refrigerant mass 
flow rate can be calculated as: 


GrHE = h3 = h4 = h7 = he (20) 


The energy balance for solution-refrigerant heat exchanger can be 
written as: 


hy = hy — €spne(hi — hz(rs)) (21) 
E 
hg = hg + (hy — hacrsy) 7 (22) 


where hxrs) is the enthalpy of vapor at absorber temperature. The 
heat capacity of the SRHE per unit refrigerant mass flow rate can be 
calculated as: 


sre = h1 — h2 = (hg — hg) FR (23) 
Pump work per unit refrigerant mass flow rate can be determined 
as follows: 

v 
Np 


where np is the isentropic efficiency of a pump. When the changes 
in potential and kinetic energies of a liquid are negligible, the 7p is 
defined as: 


Wp = FR( Pc — Pe) (24) 


Ws _ Nios — hg 


= = 25 
Wa hioa — hg (23) 


np 


where h10, and hios are the enthalpies at the exit for actual and 
isentropic process, respectively. The enthalpy at the solution pump 
outlet can be determined as follows: 


v 

hioa = hg + (Pc — Pe) (26) 
1p 

The measure of performance of refrigerators is expressed in terms 


of coefficient of performance (COP), defined as: 


cop = —®E (27) 
dc + Wp 


2.2. Theoretical calculations in the software package 


For a single-stage absorption refrigeration cycle, the theoreti- 
cal calculations of the FR and the COP have been performed with 
the values of temperatures (Tc, Ta, Tc, Te), heat changer 
effectivenesses (&sye, Erme, EsrHe), pump efficiency (np) and 
assuming the following conditions: (1) The systems are simulated 
under steady-state conditions. (2) The pressure in the generator, 
condenser, evaporator and absorber are equal to the vapor 
pressure of the working fluids. (3) The pressure drop in the pipes 
and vessels is negligible. (4) The solutions leaving generator and 
absorber are at the same temperature and concentration as in the 
generator and absorber, and they are in thermodynamic 
equilibrium. (5) The expansion process in the expansion device 
is at constant enthalpy. 
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Analysis of Single Stage Absorption Refrigeration System 
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Efficiency 
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System Schema 


GENERATOR 


Fig. 2. The Input Page of the visual software package. 


2.3. Software program 


The developed software package includes screens as follows: 
the Input Page where the operating conditions are entered, the 
Output Page-1 where simulation results (the performance 
parameters and heat transfer rates) are shown, the Output Page- 
2 where the simulation results for the thermodynamic properties 
of solutions at each state point of cycle are shown. As an example, 
the Input Page is shown in Fig. 2. The flow chart of the software 
program is presented in Fig. 3. 


Selection of solution 
{HO = LiBr, NH; = H,0, 
NH; — LiNO; or acetone — ZnBr>} 


Input values of main parameters 
(Tg, Te. Ta, Te, sue, Erne, EsRHE» NP} 


Calculation of the thermodynamic 
properties of refrigerants and 
solutions 
(P.T. Xh} 


Calculation of main system 
parameters for performance analysis 
{q> qc; qA; QE» SHE» IRHE> SRHE» Wp, 


FR, COP etc.} 


3. Simulation results and discussion 


The influence of the effectivenesses of the heat exchangers (SHE, 
SRHE and RHE) on the performance of system using NH3-H20 are 
shown in Fig. 4. In these simulations, Tg = 90°C, Tc = Ta = 40 °C, 
Te=10°C, and np=0.90 were assumed. Fig. 4 shows that the 
performance of the system is improved with an increase in the 
effectivenesses. The effectiveness value having zero means that no 
heat exchanger is included in the cycle. At this operating conditions, 
the COP value is only 0.39. With the heat exchanger effectivenesses 


Display values of thermodynamic 
properties of each point 

{P, T, X, h for 1..14 state points} 

(seen in the Output Page-1) 


Display values of main system 

parameters for performance analysis 

{£ qos Ie QA, QE» QSHE» Irie» SRHE» We. 
FR, COP } 

(seen in the Output Page-2) 


Fig. 3. Flow chart of the simulation. 
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Fig. 4. Variation of COP with effectivenesses of heat exchangers. 


increase, the system COP increases gradually. But, the effect of the 
SHE on the COP is more apparent than those of the SRHE and RHE. As 
the mass flow rates and the difference between the inlet 
temperatures of fluids for SHE are generally greater than those of 
other heat exchangers, the amount of heat transfer is higher. With 
increasing the effectiveness of SHE, the energy needed in the 
generator decreases and thus the system COP increases. For the best- 
case condition of SHE (és. = 1, the strong solution outlet tempera- 
ture equals the weak solution inlet temperature), COP value 
increases up to 0.65 as can be seen in Fig. 4, which is 66% higher 
than that without SHE. This result is in agreement with the studies of 
Zhu and Gu [15] and Aphornratana and Sriveerakul [30]. Zhu and Gu 
[15] found that the effect of SHE on the increase of COP for the ARS 
using NH3-NaSCN solution was approximately 60%. The effective- 
ness of heat exchanger can be practically assumed to be 70% [59,60]. 
It can be observed that for this effectiveness the COP value is 0.55, 
which is 40% higher than that without a solution heat exchanger. On 
the other hand, it is noted that the heat exchanger effectiveness was 
assumed as 80% in the theoretical calculations of Sozen [61]. 

As also seen in Fig. 4, the second-effective heat exchanger is the 
RHE. With increasing the RHE effectiveness, the COP value 
increases from 0.39 to 0.45, which indicates 14% improvement 
in system performance. Since the refrigerant enters the evaporator 
at a relatively low enthalpy with increasing the effectiveness of 
RHE, the evaporator heat transfer capacity increases and thus the 
system COP rises. On the other hand, the influence of SRHE on the 
COP is maximum only 6% (from 0.39 to 0.415). The temperature 
increase of solution leaving the absorber is small, as the mass flow 
rate of vapor leaving the generator is relatively small. As can be 
seen in figure, for the effectiveness of 70%, the COP value is 0.407, 
which is 4% higher than that without SRHE. As a result of this, the 
effect of the SRHE on COP improvement is practically negligible 
compared to other heat exchangers. For that reason, in this study, 
the SRHE was not considered in the subsequent analyses. 

The effect of operating temperatures on the performance 
parameters of absorption refrigeration cycle are comparatively 
presented in Figs. 5-8 for H2O-LiBr, NH3-H20 and NH3-LiNO3 
solutions. FRis animportant design and optimizing parameter since it 
is directly related to the size and cost of the generator, absorber, heat 
exchangers and pump [62]. Because of this, the FR values obtained 
from the simulation are given in figures, together with the COP values. 
When the generator temperature increases, concentration of strong 
solution of H2O-LiBr increases and concentration of weak solution of 
ammonia-based mixtures decreases, hence FR decreases as can be 
seen in Fig. 5. The performance of the systems goes better when the 
generator temperature increases. Among the solutions the highest 
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Fig. 5. Variation of COP and FR with the generator temperature (Tc = Ta = 40 °C, 
Te = 5 °C, Espe = Erne = 0.70, np = 0.90). 


COP is obtained for H2O0-LiBr solution pair. H,O-LiBr cycle can 
operate in a more narrow range of the generator temperatures 
compared to the systems using ammonia-based mixtures, because of 
its crystallization possibility. Due to the crystallization problem, the 
H,O-LiBr system could not reach above the 100°C of generator 
temperature under the given operating conditions. Performances of 
ammonia-based solutions are quite near to each other for the 
generator temperature above approximately 90 °C. But especially at 
low generator temperatures (Tg < 75 °C) NH3-LiNO3 solution has an 
advantage according to other solutions because of high COP values. 
Variation of FR and COP values with the evaporator temperature is 
shown in Fig. 6. COP values of the cycles increase on the other hand 
while FR values decrease with increasing evaporator temperature. 
COP values of the ammonia-based solutions are quite near to each 
other for all evaporator temperatures. As it can be seen in Figs.5 and6, 
the variation of generator temperature strongly affects the FR, on the 
other hand the evaporator temperature variation affects in a less 
amount. This result agrees with the theoretical results of Sun [13] and 
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Fig. 6. Variation of COP and FR with the evaporator temperature (Tc =90 °C, 
Tc = Ta = 40 °C, Espe = Erne = 0.70, np = 0.90). 
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Fig. 7. Variation of COP and FR with the condenser temperature (Tc = 90°C, 
Ta = 40 °C, Te =5 °C, Espe = Erne = 0.70, Np = 0.90). 


Saravanan and Maiya [23] and the experimental results of 
Aphornratana and Sriveerakul [30]. 

Variation of FR and COP values with the condenser temperature 
is given in Fig. 7. When the condenser temperature increases, 
concentration of strong solution of H2O-LiBr decreases and 
concentration of weak solution of ammonia-based mixtures 
increases, hence FR increases. If the condenser temperature 
increases, COP values decrease for all solutions. At the condenser 
temperature lower than 34 °C, the H2O-LiBr solution is prone to 
crystallization. Especially, for the condenser temperatures above 
45°C, COP values of H20-LiBr and NH3-H20 cycles decrease 
rapidly. Variation of FR and COP values with the absorber 
temperature is shown in Fig. 8. The COP values of the cycles 
decrease with increasing of the absorber temperature. The higher 
COP values are obtained for NH3-LiNO3 solution at the absorber 
temperatures above 47 °C compared to other solutions. As it can be 
seen in Figs. 5-8, the COP results of NH3/LiNO3 solution generally 
show higher values than those of NH3-H 20 solution for all 
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Fig. 8. Variation of COP and FR with the absorber temperature (Tg = 90 °C, Tc = 40 °C, 
Te =5 °C, ste = Erne = 0.70, np = 0.90). 


Table 1 
Thermodynamic properties of the solutions. 
State points TEG P (kPa) X (%) h (kJ/kg) 
H20-LiBr cycle 
1 90.00 5.630 0.00 2664.22 
2 90.00 5.630 0.00 2664.22 
3 35.00 5.630 0.00 146.64 
4 26.60 5.630 0.00 111.47 
5 4.00 0.812 0.00 111.47 
6 4.00 0.812 0.00 2506.73 
7 22.50 0.812 0.00 2541.91 
8 35.00 0.812 55.83 86.43 
9 35.00 0.812 55.83 86.43 
10 35.00 5.630 55.83 86.43 
11 60.12 5.630 55.83 137.85 
12 90.00 5.630 64.59 233.33 
13 57.00 5.630 64.59 173.84 
14 57.00 0.812 64.59 173.84 
NH;-H,0 cycle 
1 90.00 1349.79 100.00 1636.92 
2 90.00 1349.79 100.00 1636.92 
3 35.00 1349.79 100.00 343.85 
4 25.35 1349.79 100.00 296.90 
5 4.00 497.47 100.00 296.90 
6 4.00 497.47 100.00 1447.61 
7 22.12 497.47 100.00 1494.56 
8 35.00 497.47 53.14 —94.17 
9 35.00 497.47 53.14 —94.17 
10 35.26 1349.79 53.14 —92.98 
11 61.64 1349.79 53.14 31.06 
12 90.00 1349.79 41.69 160.97 
13 57.76 1349.79 41.69 6.61 
14 57.76 497.47 41.69 6.61 
NH;-LiNO3 cycle 
1 90.00 1349.79 100.00 1636.92 
2 90.00 1349.79 100.00 1636.92 
3 35.00 1349.79 100.00 343.85 
4 25.35 1349.79 100.00 296.90 
5 4.00 497.47 100.00 296.90 
6 4.00 497.47 100.00 1447.61 
7 22.12 497.47 100.00 1494.56 
8 35.00 497.47 53.38 —107.64 
9 35.00 497.47 53.38 —107.64 
10 35.31 1349.79 53.38 —106.65 
11 61.74 1349.79 53.38 —21.86 
12 90.00 1349.79 43.76 68.26 
13 58.43 1349.79 43.76 —34.02 
14 58.43 497.47 43.76 —34.02 


operating temperatures. This result is in agreement with the 
studies of Sun [13] and Venegas et al. [45]. Therefore, this solution 
can be considered as an alternative to NH3-H20 pair. 

In this study, the user-friendly computer program has been 
developed simulating the performance of single-stage absorption 
refrigeration system using the solutions which are available in the 
literature. The simulation results showing the thermodynamic 
properties of these solutions at each state point of the cycle are 
given in Table 1. Moreover, the capacity of the components and the 
COP values of the systems are presented in Table 2. In these 


Table 2 
Components capacities per unit refrigerant mass flow rate and FR and COP values. 


Capacities (kJ/kg) H20-LiBr NH3-H20 NH3-LiNO3 
Generator (qc) 3135.0 2137.2 2095.8 
Condenser (qc) 2517.6 1293.1 1293.1 
Evaporator (qe) 2395.3 1150.7 1150.7 
Absorber (qa) 3012.7 2000.9 1959.2 
Solution heat exchanger (qsne) 379.2 631.4 496.0 
Refrigerant heat exchanger (qrye) 35.2 47.0 47.0 
Pump (wp) 0.02 6.02 5.74 
FR 7.37 5.09 5.85 
COP 0.76 0.54 0.55 
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Fig. 9. Variation of COP and FR with the generator temperature for acetone-ZnBr2 
(Tc = Ta = 28 °C, Te = 10 °C, Espe = Erne = 0.75, Np = 0.90). 


calculations Tg = 90 °C, Te = Ta = 35°C, Te =4°C, Esne = Erne = 0.60 
and 7p=0.90 were assumed. These results were taken from the 
Output Page-1 of the developed computer program. The user can 
easily perform the analyses for different conditions (operating 
temperatures, effectivenesses of heat exchangers, efficiency of 
pump, etc.) and see the simulation results in tabular form. 
Acetone-zinc bromide (acetone-ZnBrz) solution was analyzed 
under different operating conditions compared to the above- 
mentioned solutions since it can be operated at lower generator 
temperatures. The variation of COP and FR values of ARS using 
acetone-ZnBr2 with generator and evaporator temperatures are 
shown in Figs. 9 and 10, respectively. As can be seen from Fig. 9, the 
COP varies between 0.40 and 0.67 for the generator temperatures of 
48-57 °C. It can be considered as a suitable solution for low 
temperature heat sources (about 50-55 °C) suchas solar, geothermal 
or waste heat applications. Moreover, at high evaporator tempera- 
tures (above 12 °C) the system COP can exceed 0.70 (see Fig. 10). It 
can be also considered as a suitable solution for air-conditioning 
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Fig. 10. Variation of COP and FR with the evaporator temperature for acetone-ZnBr2 
(Tg = 57 °C, Tc = Ta = 28 °C, Espe = Erne = 0.75, Np = 0.90). 


applications that require moderate evaporator temperatures since 
the system COP improves with increasing the evaporator tempera- 
tures. The COP is achieved about 0.70 for the evaporator tempera- 
tures of approximately 10 °C. For that reason, it can be evaluated as 
an alternative to water-lithium bromide solution. 


4. Conclusions 


In this study, after a review of the literature on ARSs and working 
fluids was presented, thermodynamic analysis of single-stage ARS 
using different refrigerant-absorbent pairs was performed and the 
theoretical performances of the cycles were compared. Moreover, a 
user-friendly visual software package was developed in scope of this 
study. The simulation results showed that the COP values of the 
cycles increase with increasing generator and evaporator tempera- 
tures, but decrease with increasing condenser and absorber 
temperatures as expected. Furthermore, the generator temperature 
has a great effect on the COP and FR values of systems. Also numerical 
results showed that the system with the H,O-LiBr mixture has 
higher COP values but it can operate in a more narrow range of the 
generator temperatures compared to the systems using ammonia- 
based mixtures, because of its crystallization possibility. NH3-LiNO3 
solution is more advantageous according to other solutions 
especially at low generator temperatures (Tc < 75 °C). 

The much higher improvement in COP was obtained by using 
the SHE compared to the RHE and SRHE. The maximum increase in 
COP was 66% by using the SHE, 14% and only 6% by using the RHE 
and SRHE, respectively. For that reason, the SRHE may not be 
considered practically significant. 

It is hoped that many operations on absorption refrigeration 
cycles such as the selection of appropriate working solution pair 
with respect to operating conditions, the accurate and fast 
calculation of performance parameters, and the determination 
of suitable operating conditions could be done by the developed 
user-friendly software package. This study can be a useful source 
for researchers, since it includes a review of absorption refrigera- 
tion systems and a detailed thermodynamic analysis of the system 
including three heat exchangers, and comprehensive information 
related to conventional working fluids and alternatives. 
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